A device was developed to monitor rec harness that supports an indwelling rectal temperature tal temperature automatically in cattle for application data logger. Materials cost approximately US $300 per in research settings. Compared with manual measure unit, and units are completely reusable. Use of this de ment of rectal temperature, this device decreases labor vice would increase the conditions under which accu and time requirements and allows data collection with rate rectal temperature measurements can be obtained out the influence of animal handling or restraint. The in experiments with cattle. device consists of a custom-fabricated aluminum tail
INTRODUCTION
Body temperature is often measured in cattle re search; however, the development of systems to mea sure temperature accurately and more conveniently is a neglected subject (Hahn et al., 1990 (Hahn et al., , 1992 . Tempera ture is correlated with many internal physiological pro cesses, as well as with environmental conditions (Finch, 1985 (Finch, , 1986 Hahn, 1999) . Body temperature of cattle has been measured by several methods and at several locations of the body, including the rectum, vagina, tympanic membrane, rumino-reticulum, peritoneum, epidermis, and subdermis (Hahn et al., 1990; Hillman et al., 2005 Hillman et al., , 2009 . Each method involves compromises among ease of measurement, speed of response, and re sistance to external conditions. Many researchers have traditionally used rectal (RT) and tympanic (TT) tem peratures (Guidry and McDowell, 1966) , and evidence ISupported by a specific cooperative agreement between the USDA-ARS Livestock Issues Research Unit and Texas Tech Uni versity. The Jessie W. Thornton Chair in Animal Science Endow ment at Texas Tech University also provided funding to support this research. The efforts of J. McFarlane (MeterMall USA, Marysville, OH) in assisting with the conduct of this research are greatly ap preciated.
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JCorresponding author: jeff.carroll@ars.usda.gov Received April 18, 2010. Accepted June 16, 2010. exists that RT and TT are more accurate or consistent than subdermal locations under dynamic environmen tal conditions (Hahn et al., 1990; Carroll et al., 2009) . Cattle researchers and producers can use RT to assist in the diagnosis and treatment of diseases in cattle, par ticularly bovine respiratory disease (Duff and Galyean, 2007) , and to aid in detecting estrus in cows (Redden et al., 1993) . Rectal temperature is used almost ex clUSively by commercial producers, most likely because relatively simple, durable, and inexpensive equipment can be used to measure RT with a reasonable degree of accuracy.
We experienced several problems with measuring RT in research trials with cattle. These problems involved potential error in our measurements resulting from han dling cattle, labor requirements to obtain traditional RT measurements with thermometers, and the inability to measure RT in numerous animals simultaneously at short time intervals because of the time constraints as sociated with using a manual thermometer. To address these problems, we developed a device to automate measuring RT in cattle. The construction and applica tion of this device is described, with an illustration of how the device was applied in an experimental setting.
MATERIALS AND METHODS
All procedures involving animals during development of this device were reviewed and approved by the Tex as Tech University Institutional Animal Care and Use Committee.
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Device Construction Tail Harness. The tail harness was custom fabri cated from a 14-cm length of 5.8-cm-i.d. (2.5-in. nomi nal size) aluminum pipe with a 5-mm wall thickness, which was sawn in half lengthwise. Sharp edges were eased and the top corners were rounded over to avoid cutting into the tail head of the animal. The pipe sec tion was further machined to leave 2 projections on the bottom of the harness as attachment points to the tail (Figure 1) . The 2 projections were machined to create a 1.25-cm-wide slot to decrease pressure on the coc cygeal vein. Two curved aluminum bars (I8-cm lengths of a 1.9-cm-diameter rod, bent on a 13-cm radius) were welded to the top of the harness to prevent expulsion of the device by drastic tail movements (Figure 1 ). An aluminum threaded pipe fitting was welded to the top of the tail harness at a 45° upward angle. A plastic cross-linked polyethylene (PEX) quick-connect male adaptor fitting (PL-3025 Male Iron Pipe Adaptor, 9.525 mm o.d. tube x 6.35 mm, Watts Regulator Company, North Andover, MA) was threaded in as an attachment point for the probe tubing.
Probe. A 21-cm length of 0.95-cm-o.d. PEX tubing was inserted into the quick-connect fitting on the tail harness. A custom-machined aluminum probe contain er was threaded onto the opposite end of the tubing. A TidbiT v2 temperature logger (Part UTBI-001, Onset Corp., Pocasset, MA) was placed into the probe con tainer. Manufacturer specifications of the data logger include dimensions of 3.0 x 4.1 x 1.7 cm, accuracy of 0.2°C, resolution of 0.02°C, and drift of O.l°C/yr. The data logger can be set to record data at intervals from 1 s to 18 h, and it can be set to begin sampling immedi ately when deployed or at a specific date and time.
Attachment. The device was attached to the ani mal by first restraining the animal in a squeeze chute or stall. The inside surface of the tail harness was coated with adhesive (Spray Trim Adhesive, 3M, St. Paul, MN) and lined with a layer of foam padding (Super Grip Easy Liner, ShurTech Brands, Avon, OH). A strip of tag cement (Nasco, Fort Atkinson, WI) was t,hen ap plied to the padding. The PEX tubing was coated with a small amount of obstetrical lubricant and inserted into the rectum, and the tail harness was slipped under the tail. A self-adhesive, breathable bandage (CoFlex, Andover Healthcare, Salisbury, MA) was then wrapped around the tail and tail harness, securing the harness to the tail. Care was taken to avoid wrapping the bandage below the harness and directly constricting the entire circumference of the tail. The finished device installed in a steer is shown in Figure 2 .
Design Notes. Restraint in a stall or squeeze chute was required to install the device, but we found that once installed, the device would remain in place for several days in free-ranging cows and in bulls during transport in a trailer. We recommend that the device be visually inspected at least every 3 d during data col lection. The design was very effective in resisting expul sion during defecation. Other users may identify modi fications to the device that are more durable or easier and less expensive to construct. We recommend the use of flex-resistant PEX tubing because an early prototype with flexible tubing resulted in several probes being expelled when the animals defecated.
This complete device costs approximately $300 to construct, which is largely the cost associated with cus tom fabrication of the aluminum pieces and the cost of the data logger; however, the devices are completely reusable. Approximately 2 min is required to attach the device to an animal restrained in a squeeze chute or similar stall. We observed a transient increase in tail movement behavior immediately after attaching the device, but the animals adapted to the devices in a very short time (i.e., 30 min or less) and no long-term behavioral changes were observed.
Pilot Experiment
The pilot experiment is described in detail by Reuter (2007) . Briefly, 9 Angus steers, housed in tie stalls in en vironmental chambers at 19.6 ± 0.5°C, were challenged with an intravenous injection of lipopolysaccharide (LPS; 2.5 j..Lg/kg of BW). Blood samples (5 mL) were collected through an indwelling jugular catheter (Reu ter, 2007) from -2 to 8 h relative to the LPS challenge. Serum was harvested from these samples following a 1-h clotting time at ambient temperature by centrifu gation at 2,000 x 9 and 4°C for 20 min. Serum cortisol concentration was determined by RIA (Coat-A-Count, DPC, Los Angeles, CA). Serum concentrations of the proinflammatory cytokines, TNFO'., interferon-I' 11 1~, 11-2, and IL-6, and the antiinflammatory cytokine IL-4 were assayed using a custom-developed multiplex ELISA validated for bovine cytokines (SearchLight, Pierce Biotechnology Inc., Rockford, IL). Serum con centration of the acute-phase protein serum amyloid-A was determined by commercially available ELISA kits (PHASE, TriDelta, Maynooth, Ireland) . Intra-and in terassay variation was :::;10 and 15%, respectively, for all analyses. Several additional physiological measures also were collected. Ruminal temperature was recorded by a temperature-sensitive bolus (TechTrol Inc. , Paw nee, OK). Dermal surface temperature was recorded at -1 h and on 3D-min intervals from 1.5 to 8 h relative to the challenge with an infrared thermometer (C-1600M, Linear Laboratories, Fremont, CA) at 3 locations: the shoulder, the rump, and the dorsal surface of the ear. Perspiration production was recorded at -2, -1. and on I-h intervals from 2 to 8 h relative to the challenge with a device capable of measuring water evaporation rate (VapoMeter SWL2, Delfin Technologies Ltd., Kuopio, Finland) at the rump and at the shoulder. Respiration rate was recorded at I-h intervals from -1.5 to 7.5 h by visual observation by trained personnel. Steers were fitted with a prototype of the RT device, and RT was automatically recorded at I-min intervals for the dura tion of blood sampling. To facilitate analysis, the RT (P = 0.001 and 0.10, respectively; Reuter, 2007) . In addition, measures of RT were much more consistent over time than ruminal measurements, possibly as a result of averaging I-min temperatures over a 30-min period rather than using only a single measurement at 30-min intervals. The RT data collected in this experi ment would have been logistically impractical to collect with a standard manual thermometer.
This device solved the 3 major problems we experi enced when measuring RT in research with cattle. First, measuring RT manually required significant labor and time because each animal required at least 1 person and at least 2 min to measure at each time interval when a measurement was desired (e.g., a 30-min interval for 8 h on 24 animals). Second, the animals were handled or restrained to obtain an RT measurement. We sus pect that handling the animals even slightly might have introduced error into the measurements (Hahn et al., 1990; Prendiville et al., 2002) , especially in tempera mental cattle or cattle that had not been acclimated to extensive handling. Third, temperature measurement intervals were restricted to a minimum of 30 min be cause of the labor and time required to observe a rela- Figure 1 . Device to monitor rectal temperature automatically in cattle. The tail harness and probe container are custom-machined alu minum, the probe is a TidbiT v2 temperature logger (Part UTBI-001 , Onset Corp., Pocasset, MA) , and the quick-connect and polyethylene (PEX) tubing are commercially available plumbing parts.
in each steer was averaged over 3D-min intervals cor responding to blood sampling times. Immune responses were analyzed with RT as a covariate in a repeated measures model that included the effects of sampling time in PROC MIXED (SAS Inst. Inc., Cary, NC). Figure 3 depicts the RT of a steer recorded with this device at I-min intervals, collected during the pilot ex periment. This device allowed recording of the febrile response of the steer to the challenge, free from human interference. Other steers in this study, which received the same dose of LPS, recorded markedly different pat terns of febrile response, indicating that near-contin uous monitoring of RT is useful in immune challenge models (Reuter et al., 2008) . Temperature recorded by the device was a significant (P ::; 0.02) covariate for IL-6 and tumor necrosis factor-a in the pilot experi ment, but was not a significant covariant for other cy tokines or cortisol (P > 0.05). Johnson (2002) stated that RT is related to immunological responses, and our pilot experiment indicated that this device could mea s~re the relationship effectively. The LPS challenge af fected RT more significantly than ruminal temperature -------------;---------------------------------- tively large number of cattle (24 in our experiments). If temperature had changed more frequently than this measuring interval, we would not have been able to observe changes in body temperature that were poten tially important to interpretating the results of the ex periments we conducted (Hahn et al., 1990) . Guidry and McDowell (1966) found that TT re sponded more quickly to environmental variation than RT or vaginal temperature. Shiraki et al. (1986) also reported that in humans, lIT might have a greater lag time in responding to environmental heat stress than TT. Temperatures at peripheral locations, such as the dermal surface or subdermal sites, are not reflective of internal core temperature under dynamic environ mental conditions such as air speed, skin wetting, and solar radiation (Hahn et al., 1990) , or during immune challenges (Reid and Dahl, 2005; Carroll et al., 2009 ). To our knowledge, only 1 experiment (Guidry and Mc Dowell, 1966 ) has compared RT with TT under condi tions of both external and internal (ice introduced into the rumen) sources of temperature variation. The lack of direct comparisons might be the result of the imprac ticality of continuous measurement of RT in the past. Thus, the correlation of the various methods of mea suring body temperature under conditions of a febrile response in cattle is largely unknown.
RESULTS AND DISCUSSION
Use of this automated RT-monitoring device in cattle research will enable more frequent sampling of RT while also decreasing labor requirements. This device will also decrease error introduced by human handling of cattle to obtain measurements. This device should prove use ful in many types of cattle 'research, including research on environmental stress in confined and extensive set tings, the health and management of receiving cattle, and reproduction in cows. Additional development and refinement of the concept may allow for increased dura bility and retention, further decreases in cost, and real time wireless data transmission. These developments would increase the number and usefulness of research and commercial applications that might be possible with the device. 
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